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Disclaimer 
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United States Department of Transportation in the interest of information exchange. The State of Idaho 
and the United States Government assume no liability of its contents or use thereof. 

The contents of this report reflect the view of the authors, who are responsible for the facts and 
accuracy of the data presented herein. The contents do not necessarily reflect the official policies of the 
Idaho Transportation Department or the United States Department of Transportation. 
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Executive Summary 

Avalanche forecasters monitor snowpack temperature throughout the winter, because the vertical 

snowpack temperature profile is one of the major controls on whether snow is strengthening or 

weakening and is an indicator of liquid water movement.  Manual snow temperature observations are 

very time consuming, and cause disturbance to the site, and therefore time series observations even at 

intensive snow research areas are made, ŀǘ ōŜǎǘΣ ƳƻƴǘƘƭȅΦ  .ƻƛǎŜ {ǘŀǘŜΩǎ /ǊȅƻǎǇƘŜǊŜ DŜƻǇƘȅǎƛŎǎ and 

wŜƳƻǘŜ {ŜƴǎƛƴƎ ό/ǊȅƻD!w{ύ ƎǊƻǳǇ ōŜƎŀƴ ŘƛǎŎǳǎǎƛƴƎ ǿƛǘƘ ǘƘŜ LŘŀƘƻ ¢ǊŀƴǎǇƻǊǘŀǘƛƻƴ 5ŜǇŀǊǘƳŜƴǘΩǎ 

Avalanche Team (District 3) about possibilities for continuous snow temperature observations at Banner 

Summit in 2018.  This developed into a proposal for a feasibility study for continuous temperature 

observations, with two objectives to support avalanche forecasting: 1) track temperature gradients at 

the base of the snowpack and in the near surface, to estimate if strengthening or weakening is taking 

place, and 2) track the temperature profile in the spring, and determine when the snowpack reaches the 

melting point throughout, leading to liquid water movement. 

The stability of a snow slope from an avalanche perspective is a function of the strength of the 

snowpack as a function of depth, and the overburden load.  The load can be estimated from 

measurements of precipitation at weather stations and snow study plots and knowledge of slope angles 

but tracking snow strength is much more complex.  Snowfall creates snow grains that are highly 

unstable, and continuously undergo rapid change throughout their lifespan, from the time they are 

formed in the atmosphere, until they melt and enter the soil as liquid water.  The way in which snow 

grains change and develop bonds, termed snow metamorphism, is controlled by overburden load, and 

the temperature conditions present.   

Predicting metamorphism within seasonal snowpacks is critical for avalanche forecasting, as the type of 

metamorphism controls whether a given layer is strengthening or weakening.  There are two different 

types of snow metamorphism: 1) equilibrium metamorphism, in which snow grains round and form 

bonds between each other, and 2) kinetic metamorphism, where grains grow sharp corners and become 

poorly bonded.  The dominant form of metamorphism depends on the temperature gradient, and 

therefore continuously monitoring snow temperature could provide a valuable tool for avalanche 

forecasting. 

The absolute temperature controls the speed of metamorphism, and the magnitude of the temperature 

gradient (the change in temperature with depth) controls how snow strength changes; therefore, 

temperature profiles are of interest to avalanche forecasters. Before major melt, the snowpack must 

warm to isothermal conditions at 0 degrees Celcius (o C). Measuring this transition from dry to wet snow 

will help improve our current models for runoff timing, which impacts wet snow avalanches. Measuring 

snowpack temperature gradients is currently a non-automated process that requires disturbance of the 

snow profile, and only gives a snapshot in time of the temperature conditions. Here we demonstrate an 

automated method to monitor in situ snowpack temperature using a thermocouple array, co-located 

with the Banner Summit SNOTEL site in central Idaho. Showing the location and duration of critical 

temperature gradients can help avalanche forecasters detect warning signs related to possible facet 

formation. During the 2019 winter, we observed large temperature gradients in the bottom 20 

centimeters (cm) of the snowpack, with the gradient falling below critical (< 10o C/m) by early January. 
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Critical gradients were observed near the surface throughout the winter, and measured temperatures 

were within ±0.06o C of the melting point when the snowpack became isothermal in the spring. We 

anticipate this dataset will inform snowpack energy balance models and aid in the prediction of 

avalanche hazards and runoff timing. 

This research project has shown that monitoring snow temperature in a 3-meter snowpack is viable and 

can provide accurate temperature profiles at 5cm resolution throughout the snow season.  We 

demonstrated that temperature gradients can be monitored, to track strengthening/weakening 

conditions, as well as the onset of spring snowmelt.  A temperature array design, based on a similar 

study for snow hydrology in a 1.5-meter snowpack, was slightly modified.  This design includes a welded 

steel frame with thin horizontal cables that support thermocouples and reference thermistors.  Using a 

data logger, two multiplexers, and a satellite modem, we developed a package that transmitted the 

snow and near surface air temperature profile every hour.  We worked with the District 3 Avalanche 

Team and Snowbound Solutions to import this data into their system and visualize the continuous snow 

temperature observations.  The objective of continuously observing snow temperature, logging hourly 

ŀƴŘ ǘǊŀƴǎƳƛǘǘƛƴƎ ǘƻ ǘƘŜ 5ƛǎǘǊƛŎǘ о !ǾŀƭŀƴŎƘŜ ¢ŜŀƳΩǎ ŘŀǘŀōŀǎŜΣ ŀƴŘ ǾƛǎǳŀƭƛȊƛƴƎ ǘƘŜ ŘŀǘŀΣ Ƙŀǎ ōŜŜƴ 

achieved. 

To move this method into practice, some work is required to link the snow temperature observations at 

Banner Summit, directly to snow conditions in the starting zones that affect Idaho HW21.  This is the 

age-old issue of relating point observations to regional conditions and requires a longer time series to 

develop statistical or experience-based relationships between point index sites, and larger regions.  The 

highest priority next step is to keep the temperature time series going.  We might need 5 years of data 

to develop statistically significant relationships.  Snow modeling could really help improve the accuracy 

and amount of data required but would need field campaigns to calibrate the models.  As part of the 

NASA SnowEx Mission, we flew high resolution airborne LiDAR over the HW21 corridor in February 2020 

and February 2021 and performed weekly snowpit observations.  These 0.5m resolution snow depth 

maps, and weekly snowpit time series, will greatly improve our ability to spatially model snow 

conditions throughout the winter, which in turn will help build relationships between the Banner 

Summit snow study site and the HW21 avalanche starting zones.  
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1. Introduction 

Avalanche forecasters monitor snowpack temperature throughout the winter, because the vertical 

snowpack temperature profile is one of the major controls on whether snow is strengthening or 

weakening and is an indicator of liquid water movement.  Manual snow temperature observations are 

very time consuming, and cause disturbance to the site, and therefore time series observations even at 

intensive snow research areas are made, at best, monthly.  BoisŜ {ǘŀǘŜΩǎ /ǊȅƻǎǇƘŜǊŜ DŜƻǇƘȅǎƛŎǎ and 

wŜƳƻǘŜ {ŜƴǎƛƴƎ ό/ǊȅƻD!w{ύ ƎǊƻǳǇ ōŜƎŀƴ ŘƛǎŎǳǎǎƛƴƎ ǿƛǘƘ ǘƘŜ LŘŀƘƻ ¢ǊŀƴǎǇƻǊǘŀǘƛƻƴ 5ŜǇŀǊǘƳŜƴǘΩǎ 

Avalanche Team (District 3) about possibilities for continuous snow temperature observations at Banner 

Summit in 2018.  This developed into a proposal for a feasibility study for continuous temperature 

observations to support avalanche forecasting, with two objectives: 1) track temperature gradients at 

the base of the snowpack and in the near surface, to estimate if strengthening or weakening is taking 

place, and 2) track the temperature profile in the spring, and determine when the snowpack reaches the 

melting point throughout, leading to liquid water movement. 

Snow in Idaho serves a critical role not only for recreationists but for the state economy. A majority of 

irrigated agriculture in Idaho relies on surface water managed by a series of canals and reservoir 

systems. A majority of this water comes as snow during the winter months and is then stored in 

reservoirs for use during the growing season. Because of this, water managers in Idaho are actively 

looking for ways to better predict snowmelt runoff. Also, snow and snowmelt can have significant 

impacts on infrastructure and transportation throughout the state.  Avalanches in central Idaho cause 

closures on Idaho State Highway 21 and there is a strong push by local avalanche forecasters to better 

measure temperature conditions of the snowpack leading up to elevated avalanche hazards. By looking 

at specific snowpack characteristics, it is possible to gain insight into conditions leading to avalanche 

hazards, floods caused by rain on snow events, and significant runoff.  

The physical properties of snow play an essential role in avalanche prediction. Under the right 

conditions, temperature gradients within a snowpack drive vapor migration. As vapor migrates through 

the snowpack, it changes the snow's microstructure and can lead to a substantial water loss of 15-20 

percent (Hood et al., 1999; Marks and Dozier, 1992; Kattelmann and Elder, 1991). Continuous 

monitoring of snowpack temperature gradients is valuable for avalanche forecasting because the 

development of weak, faceted layers, such as depth hoar, depends on a temperature gradient. Depth 

hoar is a snow crystal type that grows under strong temperature gradients at the base of snowpacks and 

provides a weak layer for slab avalanches.  The rate at which this process (called kinetic metamorphism) 

occurs depends on several different factors, including the initial snow characteristics, magnitude and 

duration of temperature gradients, vapor barriers caused by ice layers, and the snowpack's cold content 

(Sommerfeld and LaChapelle, 1970; Colbeck, 1983). Although this is a continuous process that occurs 

over a wide range of temperature gradients, the critical gradient to produce faceted forms in alpine 

snow is about 0.1o C/cm (e.g., Mcclung and Schaerer, 2009).  When temperature gradients are less than 

critical, the snow undergoes primarily equilibrium metamorphism and water molecules move mainly by 

vapor diffusion to new positions that decrease the surface free energy (Sommerfeld and LaChapelle, 

1970).  Thus, equillibrium metamorphism is controlled by surface curvature effects, and leads to 
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rounding and bonds forming between individual snow grains. Both time and temperature are significant 

factors in determining the stage of metamorphism. If the snow is very cold, it will change slowly; and if 

it's close to the freezing point, it can change rapidly. In the case of depth hoar, if the critical temperature 

gradient no longer persists, the snow will undergo equillibrium metamorphism, which breaks down 

many of its facets (Sommerfeld and LaChapelle, 1970).  

It is important to consider the thermal conductivity of snow, which plays an important role in the 

transfer of energy within the snowpack. The thermal properties of snow vary with density, 

microstructure, and temperature (Arenson et al., 2015). The thermal conductivity of snow ranges from 

0.04 to 1 Watts per meter per degree (W/m/K) over the density range of 100 - 550 kilograms per cubic 

meter (kg/m3).  Although thermal conductivity varies primarily with density, variations in microstructure 

and crystal anisotropic orientation can affect it by a factor of two. Figure 1.1 shows how effective 

thermal conductivity increases with snow density. Thermal conductivity variations near ice layers can 

induce large temperature gradients that lead to faceted, weak layer formation, and can be a significant 

cause of avalanches (Arenson et al., 2015). Banner Summit's snowpack rarely forms ice layers during the 

dry snow season, because air temperatures remain below 0 oC for the majority of the winter, which 

prohibits the initial melt required to form an ice layer.  

 

Figure 1.1: Variation of thermal conductivity with density, the range of data in the literature 
summarized by Sturm et al. (1997), and several proposed models (from Arenson et al., 2015). 

Near Banner Summit in Idaho, a significant concern for avalanche forecasters is in the development of 

depth hoar. Depth hoar is large-grained, faceted, cup-shaped crystals near the ground and forms 

because of large temperature gradients within the snowpack (Akitaya, 1974). Depth hoar most 

commonly forms in the early season because the snowpack is shallow, and there is not much snow 

insulating the lowest layers from the cold atmosphere. The geothermal heat flux keeps the snow-ground 
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interface temperature very close to 0o C (Figure 1.2). This condition, combined with a shallow snowpack 

and cold air temperatures, leads to large sustained temperature gradients in the early season. The 

duration and magnitude of critical temperature gradients in the lower snowpack is not frequently 

measured, as typically it is measured during manual snowpit observations; for example, the ITD 

avalanche forecasters measure this gradient once per month.  

Dry-snow avalanches are primarily a concern in fall and winter. As spring approaches, a snowpack 

temperature profile provides insight into the snowmelt process and can indicate when wet snow 

avalanches are possible. There are three primary phases a snowpack must go through to have 

considerable melt and runoff: warming, ripening, and output (Dingman, 2015); these terms relate to the 

melting stage of the snowpack, as it progresses from dry to saturated, and are described in more detail 

below. Any energy absorbed by the sub-freezing snowpack during the warming phase raises its average 

temperature until it reaches isothermal conditions at 0o C. This energy required to warm a snowpack to 

isothermal conditions is known as the cold content (Qcc), and can be calculated directly from the 

temperature profile (Dingman, 2015): 

ὗ  ὧ ὴz Ὤz ᶻὝ Ὕ  

Where ci is the heat capacity of ice, Ts is the average temperature of the snowpack, Tm is the melting 

point of ice, rw is the density of water, and hm is the snow water equivalent (SWE).  

 

 

Figure 1.2: Temperature of the snow-ground interface measured with the BSTA during Winter 2019. 

 

Once the snowpack is isothermal, it enters the ripening phase where absorbed energy melts snow, but 

the meltwater is retained in the snowpack by surface tension forces. After the snowpack reaches its 

water holding capacity and it is "ripe," it enters the output phase where further absorption of energy 

produces water output (Dingman, 2015). Because isothermal conditions mark the beginning of the 

ripening phase, it may be possible to predict snowmelt runoff timing more accurately by measuring the 

snowpack's temperature profile continuously. 
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Snow is a prime example of the observer effect; the mere observation of a phenomenon within the 

snowpack inevitably changes the phenomenon. The current method for measuring the temperature 

profile of a snowpack is a time consuming, destructive process that is not automated. It requires 

someone to dig a snow pit and manually measure the snow temperature by inserting probes at equal 

depth intervals. Not only does this disturb the snow profile and change its characteristics, but it is a 

snapshot in time, while snow temperature conditions change on an hourly time scale in the upper part 

of the snowpack, and on a weekly time scale at depth. Until this project, there has been no continuous 

record of the snowpack temperature profile at Banner Summit, and avalanche forecasters with the 

Idaho Transportation Department are interested in measuring the magnitude and duration of critical 

temperature gradients in the upper 25cm and lowest 20cm of the snowpack. They perform monthly in-

situ snowpits and measure the gradient manually.   

It is important to note that current technology can only measure a snowpack temperature profile at a 

single point in space, rather than the basin scale. Although snowpack conditions can vary widely at the 

basin scale, the Banner Summit Thermocouple Array (BSTA) serves as a valuable tool because it may be 

possible to build statistical relationships between this site and a nearby basin, or avalanche starting 

zones. The purpose of this study was to develop a mechanism for collecting a continuous record of snow 

temperature at various depths, to provide the ability to track snow temperature conditions that lead to 

avalanches. 

In this study, we have continuously measured the snowpack temperature profile at Banner Summit, 

since fall 2018. This data further develops our understanding of temperature gradient metamorphism in 

snow, it provides insight into snowpack processes that lead to significant snowmelt, and helps address 

the following questions:  

1. What is the duration and magnitude of temperature gradients in the upper and lower portions 

of the snowpack? 

2. How long do critical temperature gradients persist? 

3. Can the onset of liquid water movement in the snowpack be detected from the temperature 

profile? 

We present a continuous snowpack temperature monitoring system, the BSTA, along with methods for 

analyzing temperature gradient metamorphism and melt. Results suggest this instrument is successful at 

measuring the temperature profile of a snowpack with an accuracy of ±0.06o C and an uncertainty in 

temperature gradient estimates of ±0.003o C/cm.  These temperature uncertainty estimates are based 

on temperatures measured in wet snow, and temperature gradient uncertainy is based on Monte Carlo 

simulations using estimates of temperature uncertainty, combined with uncertainty in temperature 

probe positions. 

2. Literature Review 
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Few studies have proposed methods for continuous monitoring of the snowpack temperature profile. 

One commercial instrument that measures snow temperature is the SM4 temperature and snow depth 

sensor. The NIVEXC is another instrument that has been used to record temperature profile 

measurements. Both of these systems are installed at avalanche starting zones and they measure 

temperature gradients using thermistors. In addition to these sensors designed for avalanche starting 

areas, Conway and Benedict (1994) created a thermistor array designed to study the infiltration of water 

during rain-on-snow events.  

The main objective of the SM4 (Ingolfsson and Grimsdottir, 2008) is to accurately measure snow depth 

in avalanche starting areas. The SM4 is series of digital thermistors mounted at 20cm intervals on a pole 

that extends through the snowpack (Figure 2.1). The SM4 measures snow depth by identifying 

thermistors buried in the snow, based on damping of temperature fluctuations that is caused by the 

snowpackΩǎ ƛƴǎulating properties. Ingolfsson and Grimsdottir (2008) have developed an algorithm that 

calculates the snow depth as a function of the temperature profile. This snow depth algorithm can be 

more reliable than acoustic snow depth sensors during storms and ice buildup. However, the algorithm 

is challenged when the temperature of the atmosphere approaches the temperature of the snowpack. It 

is typically installed in avalanche starting areas where it is coupled with ultrasonic snow depth sensors 

for verification. Measurements are logged with a 1-5 minute interval and are regularly transferred to a 

central computer through wireless GSM telephone connection. In addition to snow depth, the SM4 is 

being used to detect and visualize high temperature gradients within the snowpack. 

 

Figure 2.1: An ultrasonic sensor and a SM4 snow depth sensor covered with icing. 

Like the SM4, the NIVEXC (Barbolini et al., 2013) is designed to accurately measure snow depth in 

avalanche starting areas. The NIVEXC is an electronic snow-pole with a vertical array of sensors. It is able 

to record and transmit important snow cover properties, such as total snow height, snow precipitation 

amounts and rates, and temperature profiles. Although the SM4 and the NIVEXC both measure the 

temperature profile of a snowpack, their primary objective is to indirectly measure snow depth through 
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the temperature dampening effect caused by the snowpack. One limitation of both these products is the 

vertical resolution, which is only 20cm.  In addition, melt water tends to run down the sensor, causing 

incorrect temperature readings as soon as any surface melt occurs. 

Conway and Benedict (1994) used a rectangular grid of thermistors to study the infiltration of water 

during two midwinter rain-on-snow events, to better understand avalanches occurring during these rain 

events. The progress of wetting is tracked in real time by monitoring changes in the position of the zero-

degree isotherm. Conway and Benedict (1994) used these methods to calculate the infiltration rate and 

found that infiltration was not uniform. Water penetrated through localized channels that often 

occupied less than 50 percent of the total volume of the snowpack. Their sensor array was installed at 

915m elevation in the Cascade Mountains near Snoqualmie Pass, Washington during 1991-1992. 

Measurements were made at 15-minute intervals using up to 110 thermistors (Thermometrics 

p100DA202M) multiplexed to a data logger. The thermistors were wrapped in white heat-shrink tubing 

and white epoxy to make them waterproof and minimize heating from solar radiation. Each thermistor 

was field calibrated at the melting point for seasonal snow. Calibration was achieved at a time when the 

snow surrounding the thermistor was ripe and the electrical resistance of the thermistor had stabilized 

to a constant temperature. The temperature of ripe snow is 0o C. The temperature resolution was better 

than ±0.01o C. 

The thermistors were arranged in a vertical, rectangular grid 1.5 m wide and up to 2 m deep. Each string 

consisted of 11 thermistors spaced 15 cm apart. A parallel horizontal string set at the same height 1 m 

away supported the leads from the thermistor beads to the multiplexer. The vertical spacing between 

thermistors was about 15 cm, but the thermistors were free to settle with the snowpack and the spacing 

decreased with time.  

Charlie Luce and Tom Black with the USFS (Luce and Black, 2018) in Boise, ID constructed a 

thermocouple array that was installed at Bogus Basin, ID for snow hydrology studies. The design for the 

Banner Summit Thermocouple Array (BSTA) is based on the thermocouple array at Bogus Basin. Charlie 

and Tom shared their designs and information during a meeting in October of 2018.  

In summary, few studies have monitored snow temperature continuously.  Two instruments in 

development were designed to measure snow depth in avalanche starting zones, but depth resolution 

(20cm) is too low for this application, and the accuracy of the temperature measurements is not known.  

These two instruments were developed as part of several research studies, but do not appear to be 

commercially available.  One study showed that liquid water movement could be detected using high 

accuracy temperature sensors.  We collaborated with a group from the USFS Rocky Mountain Research 

Station in Boise, who shared their design for a snow temperature array they built for snow hydrology 

studies, which we modified slightly in the BSTA.  
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3. Methods 

This section covers the approach to measuring snow temperature continuously with a thermocouple 

array, and the analysis approach for calculating temperature gradients. 

3.1 Thermocouple Array 

Our temperature sensor is located at Banner Creek Summit in central Idaho. This location has an 

elevation of about 7,040 feet above sea level and is proximal to Idaho State Highway 21. The area 

around Banner Summit receives an average of 1.9 meters of snow each year and frequently experiences 

extreme low temperatures, as low as -40o C. The 2018-2019 winter season experienced an above-

average snowfall, with a peak snow water equivalent (SWE) measured at Banner Summit of 120 percent 

of average. Site visits occurred on a biweekly basis unless weather or road closures prevented access. 

During each visit, we downloaded data from the instrument and snow samples were collected for stable 

water isotope analysis.  Figure 3.1 shows a picture of the array at Banner Summit SNOTEL in late spring. 

 

Figure 3.1: BSTA at the Banner Summit SNOTEL site. 
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The structure of our sensor is comprised of a steel, rectangular frame with thin, metal cables running 

horizontally in 5cm increments (Figure 3.2). A single Omega Type T thermocouple is attached to each 

wire, a quarter distance between the two support posts, which forms a vertical array of temperature 

sensors spaced 5cm apart, up to 2.5m above the ground. Two thermocouples are buried in the soil at 

10cm and 5cm below ground. The buried 10cm thermocouple was installed directly adjacent to a 

thermistor (Campbell Scientific T107) for absolute calibration, as the thermocouples measure 

temperature differences very accurately. The 53 thermocouples were multiplexed using a Campbell 

Scientific AM32 to a Campbell Scientific CR1000 data logger. Temperature measurements were recorded 

every 5 minutes. The design for this sensor came from Charlie Luce and Tom Black at the USFS and it 

was based off an existing sensor installed at Bogus Basin, near Boise, ID, with some improvements. 

 

Figure 3.2: Diagram of the Banner Summit Thermocouple Array Structure 

A Micro-Specialties satellite telemetry system was installed during the 2020 water year so that data 

were accessible in near-real time. Data was transmitted every six hours using an hourly average from 

the measurements taken the hour before each transmit.  In Winter 2020, the output was increased to 

hourly at the request of the avalanche forecasters and is currently functioning and transmitting in real 

time.  ! ǾƛǎǳŀƭƛȊŀǘƛƻƴ ƻŦ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ǇǊƻŦƛƭŜ ƛǎ ƴƻǿ ŀǾŀƛƭŀōƭŜ ǿƛǘƘƛƴ ǘƘŜ 5ƛǎǘǊƛŎǘ о !ǾŀƭŀƴŎƘŜ ¢ŜŀƳΩǎ 

database and visualization system, in collaboration with Snowbound Solutions, which is updated hourly. 
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3.2 Temperature Gradient Analysis 

In this analysis, we calculated the hourly average temperature gradients in the upper 25cm and the 

lowest 20cm of the snowpack using a first-order polynomial regression between depth and temperature 

(Figure 3.3). The slope of each polynomial, i.e., the temperature gradients in the upper 25cm and lowest 

20cm, were automatically calculated every hour and stored in a database.  This was done in MATLAB 

using the built-in function polyfit.m.  

 

Figure 3.3: Snow temperature profile examples.  Black line is snow surface, red lines are locations 
where upper and lower snowpack temperature gradients are calculated. 

There are three significant features observed from this dataset: 1) a gradient in the lower 20cm, which is 

the location of observed depth hoar and the depth over which avalanche forecasters are most often 

interested in tracking the temperature gradient, 2) a near surface temperature gradient that changes 

diurnally and is often the location of the largest gradient, and 3) a snow surface temperature that is 

below the air temperature much of the time, due to longwave emission and sublimation.  

Data in the upper 25cm are selected because solar radiation penetrates between ~15 - 25cm depth, and 

the upper 25cm experiences significant diurnal variations.  Additionally, the ITD avalanche forecasters 

are primarily interested in temperature gradients in the upper 25cm, and at the base of the snowpack. 

The snow surface for the upper 25cm calculation is measured by the nearby SNOTEL site. Snow bridging 

increases the uncertainty of the temperature gradient measurements in the upper 25cm but has a 

minimal impact on measurements deeper in the snowpack. The lowest 20cm are selected because there 

was an observed change in snow structure in this layer during December, and this is the location that 
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has experienced a significant temperature gradient for the longest period.  It is of interest to know when 

ǘƘƛǎ ƭƻŎŀǘƛƻƴΩǎ ǘŜƳǇŜǊŀǘǳǊŜ ƎǊŀŘƛŜƴǘ ŘǊƻǇǎ ōŜƭƻǿ ǘƘŜ ŎǊƛǘƛŎŀƭ ǘƘǊŜǎƘƻƭŘ ŀƴŘ ǎǘŀǊǘǎ ǘƻ ǎǘǊŜƴƎǘƘŜƴΦ 

The temperature gradient analysis focuses on three subsets from the 2018-2019 winter season. These 

three subsets are selected because they illustrate critical elements of how temperature gradients evolve 

throughout the season. An early-season subset between November 31 to December 28 shows large 

temperature gradients throughout the shallow snowpack; observations made in snowpits on these two 

dates show depth hoar existed at the base of the snowpack. A mid-season subset during February shows 

extreme cold events and significant snowfall; the lowest portion of the snowpack is well insulated and 

no longer experiences critical temperature gradients. The late-season subset during March shows the 

snowpack as it reaches isothermal conditions.   

Temperature gradients at the top of the snowpack change diurnally because it is not completely 

insulated from the air. In cold, alpine environments such as Banner Summit, there was often extreme 

temperature gradients in the top 25cm that can lead to the formation of faceted snow. 
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4. Results 

4.1 Thermocouple Array 

The instrument was installed and fully operational on November 16, 2018 and has collected continuous 

temperature measurements for three complete seasons. Some challenges have included: (i) sagging of 

the support cables, (ii) snow bridging between vertical steel supports causing a deeper snow profile, (iii) 

snow depths exceeded the height of our uppermost sensor, (iv) some thermocouples functioning 

intermittently, and (iv) channelized/irregular melt patterns around the structure of the sensor in the 

spring. Despite the above challenges, this dataset suggests that it is possible to use this instrument as a 

tool for continuously measuring the temperature profile of a snowpack.  

Throughout the season, as snow accumulates, the settling snowpack applies an increasing downward 

force on the sensor. As a result, some of the support cables sag a few centimeters. In 2020, springs were 

added to each cable to reduce the amount of sag; this was successful and greatly reduced error in the 

height of each measurement. The cables also act as a support for the snowpack, so as the snow settles, 

there is often an elevated snow surface at the temperature array (Figure 4.1, 4.2). Figure 4.1 shows the 

temperature profile as a function of depth and time, with the colorbar on the right in degrees Celcius.  

The white line shows the SNOTEL measured snow depth, however the temperature profile indicates the 

total depth is likely at the location indicated in pink in Figure 4.1.  This larger snow depth at the array 

was confirmed during site visits, due to the wires preventing settlement and drifting snow (Figure 4.2).  

This promotes the growth of a snow bridge between the two vertical supports. This bridging effect is 

observable in this data when comparing the snow depth to the temperature profile.  The past 2 seasons 

we visited the site weekly and removed the accumulated snow sticking to the cables, reducing this 

problem. 

Thermocouples buried in the soil and at the ground surface consistently read about 0o C (as previously 

illustrated in Figure 1.2, page 13). Moving up through the snowpack during cold conditions, there is a 

consistent temperature decrease from the 0o C ground measurement to the air temperature. The array 

of thermocouples above the snowpack typically measures the same temperature at this wind protected 

site and have much larger diurnal fluctuation than buried sensors. The snowpack has a large damping 

effect on temperature fluctuations which makes it possible to estimate snow depth using the 

temperature profile. However, the snow bridging is evident (Figure 4.1, 4.2). 

An alternative approach to visualizing snow and air temperatures from the BSTA is shown in Figure 4.3.  

In this example, temperature measurements deep in the snowpack (0-55cm, top) show large variations 

with depth, and change at a weekly time scale.  Temperature probes above the snow surface (bottom) 

all show very similar temperatures, until they are buried.  The same time period (December 2018) is also 

shown in Figure 4.4 as a heatmap, with temperature shown as colors (colorbar in degrees Celcius on 

right in Figure 4.4), as a function of depth (y-axis) and time (x-axis). 
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Figure 4.1: Temperature profile of snowpack vs. time, Banner Summit, Feb 2020. 

 

Figure 4.2: Photograph of instrument array on 01/18/19 showing major snow accumulation. 
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Figure 4.3: Temperature as a function of time, at different heights above the ground. 

 
























